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Abstract 29 
An understanding of the dispersion and level of emissions source of atmospheric pollutants; 30 
whether point, area or volume sources, is required to inform policies on air pollution and day-31 
to-day predictions of pollution level. Very few studies have carried out simulations of the 32 
dispersion pattern and ground-level concentration of pollutants emitted from real-world gas 33 
flares. The limited availability of official data on gas flares from the oil and gas industries 34 
makes accurate dispersion calculations difficult. Using ADMS 5 and AERMOD, this study 35 
assessed the sensitivity of dispersion and ground-level concentration of pollutants from gas 36 
flares in the Niger Delta to prevailing meteorological condition; fuel composition; and flare 37 
size. Although, during the non-WAM (West African Monsoon) months (November and 38 
March), the simulated ground-level concentrations of pollutants from a single flare are lower, 39 
the dispersion of pollutants is towards both the inland and coastal communities. In the WAM 40 
months, the ground-level concentrations are higher and are dispersed predominantly over the 41 
inland communities. Less buoyant plumes from smaller flares (lower volume flow rates) 42 
and/or flaring of fuel with lower heat content results in higher ground-level concentrations in 43 
areas closer to the flare. Considering the huge number of flares scattered around the region, a 44 
mitigation of the acute local pollution level would be to combine short stacks flaring at lower 45 
volume flow rates to enhance the volume flow rate of a single exhaust, and hence, the 46 
buoyancy of the plume exiting the stack.       47 
 48 
Main finding 49 
Flare and fuel characteristics significantly affects the dispersion pattern and ground-level 50 
concentration of pollutants. There is greater population dose during the non-WAM months.  51 
 52 
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 53 
1 Introduction 54 
Poor air quality is a persistent problem in major cities and industrialised regions of the world. 55 
This problem poses significant threat to the environment, plants and humans. Gaseous and 56 
particulate air contaminants have been strongly linked with health problems in human and 57 
animals (Gryparis et al., 2004; Kampa and Castanas, 2008; Pope III, 2000; Pope III et al., 58 
2002; Pope III and Dockery, 2006), poor yield in plants (Adole, 2011; Dung et al., 2008) and 59 
climate forcing (IPCC, 2013). These pollutants are emitted by different sources which could 60 
be classified as either natural or anthropogenic. The nature and size of the sources vary 61 
significantly, and hence, the nature and quantity of the pollutants they emit. As a result of the 62 
varying nature of the sources, air pollutants are released into the ambient air at different rates 63 
and varying conditions. 64 
With an estimated daily production of 2.7 million barrels, Nigeria is currently ranked 12th on 65 
the list of crude oil producing nations of the world (OPEC, 2015). In Nigeria, the exploration 66 
and exploitation of crude oil has contributed, in no small measure, to degradation of the 67 
environment of the oil producing communities and worsening air quality of the West Africa 68 
sub-region (Ana et al., 2012; Anomohanran, 2012; Dung et al., 2008; Fawole et al., 2017). 69 
The Niger Delta, the oil producing region of Nigeria, contains over 300 active flare sites 70 
scattered around residential communities and farm lands (Elvidge et al., 2015), where over a 71 
quarter of the annual total natural gas production is flared (Fawole et al., 2016a; Ite and Ibok, 72 
2013). In 2008, it was estimated that about 15.1 billion cubic meter (bcm) of natural gas was 73 
flared in the region (Elvidge et al., 2009). Remoteness of exploration sites, non-availability of 74 
market, and inadequate piping to transport the gas, are some of the reasons for the continuous 75 
and persistent gas flaring in the region. Gas flaring is a prominent source of carbon monoxide 76 
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(CO), carbon dioxide (CO2), NOX (NO+NO2), soot (predominantly black carbon (BC)) and 77 
poly aromatic hydrocarbon (PAH), especially in oil-producing regions of the world (Ana et 78 
al., 2012; Johnson et al., 2013; USEPA, 2011; USEPA, 2012).  79 
The geometry of flares - height, inclination and diameter - differs from one flow station to 80 
another. These geometry plays a prominent role in the dispersion of emissions from flares 81 
(Turner, 1994; Zannetti, 2013). Emissions from high temperature combustion processes, such 82 
as power generation, industrial facilities, and gas flares have much higher release 83 
temperatures compared to the ambient air. On their release from their stacks, these high 84 
temperatures make them highly buoyant. The combined effect of both the buoyancy and 85 
momentum of emissions from the stack causes the plume to rise above the initial height of the 86 
stack and enhances near-source dispersion (Arya, 1999). Due to their unique nature and 87 
feature; such as, buoyancy of hot plume, dispersion of emissions from this class of emission 88 
sources differs from passive sources (MoE Ontario, 2009).  89 
The composition of natural gas varies significantly from one flow station to another. These 90 
varying compositions play prominent roles in the combustion parameters of the gas (Fawole 91 
et al., 2016a). Combustion parameters such as heat content, net heat released, buoyancy flux 92 
and momentum flux are major determinants of the plume rise and, hence, the dispersion 93 
pattern and trend of emissions from gas flares.            94 
Prevailing meteorology is of utmost importance in the dispersion of emission from any 95 
emission source. Wind speed, wind direction and atmospheric stability play greater roles in 96 
the meandering and dispersion of emission in the plume releases, whether buoyant or non-97 
buoyant (Arya, 1999; Zannetti, 2013). The West Africa region, and hence, the Niger Delta, 98 
witnesses strong reversal of wind directions as a result of the movement of the intertropical 99 
convergence zone (ITCZ) and intertropical front (ITF) (Sultan and Janicot, 2000; Sultan and 100 
Janicot, 2003) resulting in the West African Monsoon (WAM). The WAM months (April – 101 
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September) are characterised by heavy rainfall and prevailing south-westerly winds while the 102 
non-WAM months (November – March) are often extremely dry months characterised by 103 
Harmattan (cold and very dry dusty winds) and prevailing North-easterly winds (Marais et 104 
al., 2014). 105 
Atmospheric Dispersion Modelling System (ADMS) is a robust state-of-the-science Gaussian 106 
dispersion model developed by the Cambridge Environmental Research Consultant (CERC) 107 
and is on the list of alternative dispersion models recommended by the United State 108 
Environmental Protection Agency (USEPA). The American Meteorological 109 
Society/Environmental Protection Agency Regulatory Model (AERMOD) is an advanced 110 
Gaussian-based regulatory air pollution dispersion model. ADMS and AERMOD are 111 
arguably the most widely used near field dispersion models within the environmental science 112 
community.  Both have been used to simulate the dispersion of pollutants emitted from a 113 
range of source types and validated across a range of atmospheric and terrain conditions 114 
(Abiye et al., 2016; Carruthers et al., 1997; Connan et al., 2011; Heist et al., 2013). ADMS 115 
and AERMOD use Monin–Obukhov similarity to define the structure of the planetary 116 
boundary layer and then computes the steady-state Gaussian solutions to describe the 117 
dispersion of pollutants (Heist et al., 2013). For details of the runs and meteorological set-up 118 
of the window-based version of AERMOD used in this study see Abiye et al., (2016). 119 
In this study, using ADMS 5 and window-based version of AERMOD, we investigate the 120 
impact of prevailing meteorology during the peak periods of the WAM and non-WAM 121 
months, flare size and fuel compositions on the dispersion of emissions from gas flares in the 122 
Niger Delta area of Nigeria. In addition to establishing typical dispersion characteristics for 123 
gas flaring in Nigeria, the study discusses possible mitigation options for the most acute local 124 
pollution. 125 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
6 
 
Section 2 gives a detailed description of the study site and prevailing meteorological 126 
condition at the site. Section 3 presents an in-depth description of the combustion parameter, 127 
emission factors applied and other experimental variables while section 4 gives a breakdown 128 
of the results from ADMS and AERMOD simulations including an extensive discussion of 129 
the results and their implications. 130 
2 Study Area 131 
The Niger Delta, situated in the southern part of Nigeria, is bordered by the Gulf of Guinea 132 
on the South and located between 4.3 – 7.7o N and 4.4 – 9.5o E. All the oil exploration 133 
facilities in Nigeria are located in the Niger Delta. More than 900 active oil wells (Osuji and 134 
Onojake, 2004) and over 300 active flares are scattered around the region. According to 2009 135 
estimates, the region’s 75,000 km2 landmass is occupied by about 31 million people (Young, 136 
2013). Figure 1 show the Niger Delta and the locations of active flares scattered around the 137 
region. Of the 325 active flare sites identified in the Nigeria oil field in 2012, 97 (~ 30 %) 138 
rank among the top 1000 largest flares of the 7467 individual flares identified globally 139 
(Fawole et al., 2016b). From the inception of oil exploration over four decades ago, gas 140 
flaring activities in the study area has been a persistent daily activity in the several flow 141 
stations and rigs. 142 
The quality of ambient air in the study site is arguably at its lowest ebb. Last year, there were 143 
incidents of several soot episodes that lasted for days in Port-Harcourt, a major city in the 144 
region. Although, there are other sources of air pollution in the region, petroleum industries 145 
scattered around the region has been identified as the major source of air pollutants (Ede and 146 
Edokpa, 2015). The quality of ambient air in the Niger Delta is bad and quite worrisome. 147 
Adoki (2012) found that pollutants in ambient air around communities in the Niger delta are 148 
2 – 4 times the threshold level recommended by the Federal Environmental Protection 149 
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Agency (FEPA) and Department for Petroleum Resources (DPR). In a community in the 150 
region, the range of ambient concentration of SOx is 92.0 – 430 µg/m3 as against the 150 151 
µg/m3 recommended by the DPR.  152 
Although, most of the flares in the region are vertical, there are some horizontal flares 153 
scattered around the neighbourhood of some communities. In horizontal flares, the downwind 154 
dispersal of emission is partially suppressed compared to vertical flares. This will cause an 155 
elevation of ambient level concentrations of air pollutants emanating from the flares.  156 
 157 
 158 
Figure 1: Google Earth imagery showing the Niger Delta. Red place-marks shows active 159 
flares (KML data for the flare locations are obtained from Elvidge et al. (2015))  160 
 161 
3 Experimental design and methodology 162 
This section gives a detailed explanation of the configuration of the model including the 163 
various combustion parameters and emission factors used in the simulation. An in-depth 164 
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description of the characteristics of the fuel and flares and meteorological variable 165 
implemented in the simulation is also carried out in this section.     166 
The design and methodology adopted for this study is similar to that implemented in the 167 
study by Anejionu et al. (2015). While in their study, Anejionu et al. (2015), tried to assessed 168 
the contributions of the entire identified active flares in the region to air pollution in the 169 
country, this study tries to understand and assess the impact of monsoonal flow and flare 170 
characteristics on the dispersion pattern of emissions from real-world flares in the Niger 171 
Delta. It also suggested an effective mitigation process that could abate the seemingly 172 
intractable problem of bad air quality associated with gas flares in the study area. 173 
 174 
3.1 Meteorological parameters 175 
The prevailing wind in the region is the north-easterly monsoonal wind, but during the non-176 
WAM months the south-westerly winds prevail. Due to the non-availability of adequate in-177 
situ hourly meteorological data (wind speed, wind direction, cloud cover and relative 178 
humidity) in the study site, we have used Automated Surface Observing System (ASOS) data 179 
from a nearby airport in Cotonou, Benin, where sufficient hourly meteorological data needed 180 
for studies such as this is obtainable. 181 
3.2 Combustion parameters estimates 182 
Simulating the dispersion of emissions from high temperature sources such as gas flares 183 
requires adequate parameterization of the plume rise (Leahey and Davies, 1984; MoE 184 
Ontario, 2009; USEPA, 1995b). The following combustion parameters were computed using 185 
widely accepted methods available from the literature: (a) net heat released, Hr; (b) flame 186 
length, ∆h; (c) buoyancy flux, Fb; (d) momentum flux, Fm; (e) effective diameter, Deff. 187 
 =  ∑ (1 − )  …………………………    (1)                  (Beychok, 1994) 188 
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ℎ = 4.56 × 10  . !
".#
  …………………...    (2)                 (Beychok, 1994) 189 
Effective stack height = H + ∆h ……………………    (3) 190 
$ = %&'()*+*  ……………………………………….     (4)  (MoE Ontario, 2009) 191 
, = -.&'()*(+.+*)  ………………………………….     (5)  (USEPA, 1995b) 192 
$ = /01213 +.+*+. ! …………………………..........     (6)   193 
Equating the buoyancy flux from the flare (hot source) (Equation 4) to general buoyancy flux 194 
equation (Equation 6), while keeping other stack parameter constant yields the effective stack 195 
diameter: 196 
4566 = 	0.10668 +.+(+.+*) ×

-.   ………………………    (7)            197 
where   - total molar flow rate to the flare 198 
            fi - volume fraction of each hydrocarbon species in the fuel, 199 
 Hi - net heating value of each hydrocarbon species in the fuel (J/s), 200 
 Hr – net heat released by the fuel, 201 
 H – actual stack height, 202 
 Fr - fraction of radiative heat loss, 203 
 Cp – specific heat of dry air (J/kg.K), 204 
 Ta – ambient temperature (K), 205 
 g – acceleration due to gravity (m/s2),  206 
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 Ts – stack exit temperature (K),  207 
 Vs – exit velocity (m/s) , and 208 
 Rs – stack inner radius (m) 209 
Although the fraction of heat loss depends on the combustion condition of the flare, we have, 210 
as recommended by the Alberta Environmental Agency (Alberta Environment, 2003), 211 
assumed a heat loss fraction of 25 %. The heat content of the fuel is calculated from the 212 
enthalpy of formation of its constituent alkane species and then reduced by 25 %. The net 213 
heat released by a typical gas flared in oil and gas fields across the globe varies significantly 214 
due to the large variation in the composition of natural gas from one field to another (Fawole 215 
et al., 2016a). Stack and fuel parameter used in the simulation is presented in Table S1.   216 
3.3 Emission factors  217 
In this study, we simulate the dispersion of particulate (black carbon, BC) and gaseous 218 
(carbon monoxide, CO) emissions from typical gas compositions and flare conditions in the 219 
Niger Delta area of Nigeria. We used emission factors of 1.6 gm-3 (Stohl et al., 2013) and 220 
0.0067 kg/kg (EEMS, 2008) for black carbon (BC) and carbon monoxide (CO), respectively. 221 
The dispersion of other gaseous pollutants that are chemically passive on the timescale of 222 
plume dispersion (e.g., CO2, SO2, PAH) will scale linearly according to the ratio of their 223 
emission factors to that of CO. 224 
Emissions rate (g/s) = 9	 × : × 1 − ;66""!    …………………………. (8)  (USEPA, 1995a) 225 
where: A – activity rate (in this case, the fuel volume flux (m3/s)) 226 
          EF – Emission factor (g/m3) 227 
          Eff – emission reduction efficiency (%)  228 
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In this study, we have assumed flare efficiency to be 75 %, the upper limit of the 68±7 %, 229 
suggested by Leahey et al. (2001) in their study to assess the efficiencies of flares.    230 
3.4 Experimental variables 231 
The dispersion models (ADMS and AERMOD) are configured to assess the impact of the 232 
prevailing meteorology, fuel composition and flare capacity (in terms of volume flow flux) 233 
on the dispersion pattern and variation of ground-level concentrations of the flares considered 234 
in this study. While ADMS iteratively solves the plume rise calculations, AERMOD uses the 235 
Briggs formula to estimate the plume rise. Ground-level concentrations discussed in Section 236 
4 are the mean monthly ground-level concentrations output from the models. 237 
3.4.1 Prevailing meteorology during WAM and non-WAM months  238 
The range of the wind speed is 3.0 – 5.7 ms-1 and 1.2 – 4.2 ms-1 during the WAM and non-239 
WAM months, respectively. The relatively high mean wind speed during the WAM months 240 
is attributable to sea-breezes from the Gulf of Guinea. Figure 2 shows the wind roses of the 241 
non-WAM (DJF) and WAM (JJA) months considered in this study. The wind direction 242 
during the WAM month is predominantly North-easterly while in the non-WAM months, 243 
they are southerly, northerly and north-westerlies.  244 
To assess the impact of prevailing meteorology on the dispersion of gas flaring emissions, we 245 
considered the dispersion pattern and ground-level concentrations of CO and BC, for real-246 
world flares in the Niger Delta during the months of July and August; and December and 247 
January, which are the peaks of the WAM and non-WAM seasons.       248 
3.4.2 Flare capacity (flow rate) 249 
Two (one large and one small) flares in the study area were considered in this study. 250 
Globally, these flares are ranked 53rd and 363rd out of the over 7000 active flares identified by 251 
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Elvidge et al. (2015). For these two flares, the estimated total volumes of gas flared in 2012 252 
are 0.278 and 0.0917 billion cubic meters (bcm) (Elvidge et al., 2015). With the assumption 253 
of a constant flow rate, the volume flow rates are 8.815 and 2.908 m3s-1, respectively. 254 
Volume flow rate influences the gas exit velocity and rate of heat released, and hence, the 255 
buoyancy and momentum of the plume exiting the flare.  256 
3.4.3 Fuel composition 257 
The composition of natural gas plays significant role in its thermodynamic properties. 258 
Although, assumed to be predominantly methane, the composition of natural gas varies 259 
significantly across oil fields (Fawole et al., 2016a). Using two very different fuels in terms 260 
of composition and density, the impact of fuel composition on the dispersion of emissions 261 
from gas flares is assessed. The emission factor of carbon monoxide (CO) used in this study 262 
is given as mass of pollutant per mass of natural gas (kg.kg-1), and as such, the density of gas 263 
flared affects the CO emission rates. The composition, molar mass and density of the natural 264 
gas used are given in Table 1. These compositions are obtained from the literature.  265 
Table 1: Fuel compositions used in this study (given in molar percentage) 266 
 Less 
dense 
Denser 
CH4 88.72 69.58 
C2H6 5.93 0.25 
C3H8 1.28 12.54 
nC4H10 0.26 2.35 
iC4H10 0.26 5.12 
nC5H12 0.06 5.20 
iC5H12 0.09 2.54 
C6H14 0.06 1.97 
C7H16 0.1 - 
N2 0.66 0.24 
CO2 2.55 0.21 
H2S 0.03 - 
Molar mass 18.5 28.6 
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(g/mol) 
Density (kg/m3) 0.75 1.2 
 267 
 268 
3.4.4 Plotting of spatial distribution of emissions  269 
The ADMS-ArcGIS link option in ArcMap 10.2 is employed to display ADMS outputs of 270 
modelled pollutants as transparent filled contours on map of the region. An area of 80 by 85 271 
km around the flare is used as the output grid in the model set-up.272 
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 273 
Figure 2: Wind roses (a) - (c) Non-WAM months – Dec., Jan. and Feb., respectively and (d) - (f) WAM months – Jun., Jul. and Aug., respectively.274 
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4 Results and discussion 275 
This section presents and discusses the simulated ground-level concentrations of CO and BC 276 
from the models as well as the impact of these concentrations of pollution level in the region. 277 
The influence of variables of interest on the concentration and dispersion of emissions from 278 
the flares is also examined and discussed.  279 
4.1 Stack and natural gas parameters used in these simulations 280 
The actual stack height, actual stack diameter, buoyancy flux, momentum flux, and effective 281 
height used for the two fuel compositions in these simulations are given in Table 2. Effective 282 
height, buoyancy flux and momentum flux are estimated using equations (3), (4) and (5), 283 
respectively. 284 
         Table 2: Stack and fuel parameters used 285 
 Actual 
height 
(m) 
Actual 
diameter 
(m) 
Buoyancy 
flux  
(m4.s-3) 
Momentum 
flux  
(m4.s-2) 
Effective 
height  
(m) 
Fuel I 20 0.75 638.7 137.7 42.8 
Fuel II 20 0.75 1936.3 1265.5 49.4 
 286 
4.2 Impact of prevailing meteorology 287 
The impact of prevailing meteorology on the dispersion of emissions from gas flaring during 288 
the highly distinct seasons in the region is modelled for a two-year period (2014 and 2015). 289 
Ground-level concentrations and spatial distributions of the pollutant simulated are plotted on 290 
80 by 85 km grid. The “smaller” flare, with a flow flux of 2.908 m3s-1 and less-dense fuel 291 
composition was used to study the impact of meteorological variables on pollutant dispersion. 292 
During the non-WAM months studied, that is, December and January, the dispersion of the 293 
emissions is in the direction of both the inland and coastal communities. The mean monthly 294 
ground-level concentration is greater towards the inland communities, probably due to the 295 
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higher speed of the north-easterly coastal wind compared to that of the south-westerly winds 296 
(see Figure 2). This pattern of dispersion is very similar for the four non-WAM months 297 
modelled.  The 90th and 95th percentile of CO and BC mean monthly ground-level 298 
concentrations are in the range of 0.09 – 0.15 and 0.16 – 0.20 µg.m-3 and; 0.02 – 0.03 and 299 
0.03 – 0.04 µg.m-3, respectively. The highest ranges of mean monthly ground-level 300 
concentration of CO and BC observed during these months are 0.73 - 1.81 µg.m-3 and 0.15 - 301 
0.36 µg.m-3, respectively. As presented in the plots of spatial distribution in Figure 3, during 302 
the non-WAM months, emissions from this stack reaches more communities, albeit at a lower 303 
level of concentrations compared to the WAM months (see Figures 3 and 4), so there will be 304 
higher individual exposures during the WAM months, but greater population dose during the 305 
non-WAM months. 306 
During the peak of the WAM months (July and August), the emissions are predominantly 307 
dispersed over the inland communities. As presented in the plots of the spatial distribution of 308 
ground-level concentration (Figure 4) and the percentiles below, spatial distribution of higher 309 
ground-level concentrations is greater during these months owing to the higher wind speeds 310 
in the WAM months compared to the non-WAM months (see section 3.4.1). The 90th and 95th 311 
percentile of CO and BC mean monthly ground-level concentrations are in the range of 0.02 312 
– 0.11 and 0.2 – 0.25 µg.m-3 and; 0.02 – 0.04 and 0.04 – 0.05 µg.m-3, respectively. The 313 
highest range of monthly mean ground-level concentration of CO and BC during these 314 
months are in the ranges 0.62 - 0.99, and 0.12 - 0.2 µg.m-3, respectively. Plots of spatial 315 
distribution of the pollutants from flares simulated as non-buoyant emission (a parametric 316 
extreme of flare simulation), during the WAM and non-WAM months considered are 317 
presented in the supplementary materials (see Figures S1 and S2). 318 
It should be noted that this is just one of the over 300 active flares in the study area. Where 319 
dispersion plumes overlap, the combined ground-level concentration enhancement will be a 320 
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linear sum of the concentration from each overlapping plume. Results of these simulations 321 
show the level and pattern of dispersion during the peaks of the predominant seasons in the 322 
region. Considering the number and distribution of flares in the region and the spatial 323 
distribution of the level of pollutant ground-level concentration, the WAM months will be 324 
more severe period of poor air quality around the communities in the region. During the non-325 
WAM months, there will be enhanced levels of BC, CO and other greenhouse gases (GHGs), 326 
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 327 
Figure 3: Modelled dispersion and mean monthly ground-level concentrations of  (a) CO and (b) BC using fuel with lower heat content (fuel I) 328 
during a non-WAM month (Jan. 2015) 329 
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 331 
Figure 4: Modelled dispersion and mean monthly ground-level concentrations of  (a) CO and (b) BC using fuel with lower heat content (fuel I) 332 
during a WAM months  (Jul. 2015) 333 
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 335 
Figure 5: Modelled dispersion pattern and mean monthly ground-level concentration for (a) CO, and (b) BC from two flares of different sizes. 336 
"L" and "S" represent the large and small flare, respectively (Aug. 2014). 337 
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thereby significantly increasing aerosol optical depth (AOD) over the ocean around the Gulf 338 
of Guinea. The surface reflectance over the ocean is highly variant  and is dependent on the 339 
atmospheric aerosol loading (Jin et al., 2004). Hence, the Earth-atmosphere radiative budget 340 
in the region over the ocean might be significantly perturbed during this period. 341 
Modelling flares as a non-buoyant source gives significant difference to the monthly mean 342 
ground-level concentrations. For example, for a typical non-WAM month (Jan. 2015), the 343 
highest range of monthly mean ground-level concentration of CO and BC are 8.65 - 13.96 344 
µg.m-3 and 1.73 - 2.79 µg.m-3, respectively. Plots of spatial distribution of pollutants in flare 345 
modelled as non-buoyant sources are given in the supplementary material. 346 
4.3 Impact of flare capacity 347 
Flare capacity, that is, the volume flow rate of the fuel (m3s-1) in the stack, is a determinant of 348 
the emission rate (gs-1) of pollutants used in modelling the dispersion of pollutants from a 349 
source. The volume flow rate contributes to the magnitude of the buoyancy and momentum 350 
flux of the plume as it determines the exit velocity of the fuel into the flame as well as the 351 
heat release rates.  352 
Using the two real-world flares discussed in section 3.4.2, the dispersion of CO and BC from 353 
flares of different sizes under the same atmospheric condition was modelled. In Figure 5, "L" 354 
and "S" represent the large and small flare, respectively. The higher concentration in the tail 355 
of the dispersion pattern for the “small” flare (see Figure 5) is as a result of the lower 356 
buoyancy of the plume exiting the stack. The lower buoyancy is occasioned by the lower exit 357 
velocity of the fuel into the flame. The region of higher concentration is further downwind in 358 
the large flare (see Figure 5). The highest ground-level concentration of the two flares differs 359 
by a factor of about 4. 360 
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Instead of flaring gas from stacks at flow stations with low volume flux, two or more of such 361 
flares could be linked up to enhance the volume flow rate and increasing the stack height, so 362 
as to reduce the ground-level concentrations of pollutants. 363 
4.4 Impact of fuel composition 364 
The composition of natural gas flared affects the ground-level concentration and dispersion 365 
pattern of emissions from real-world flares. It affects the quantity of radiant heat given off, 366 
effective height and effective diameter, all of which are essential determinants in the 367 
dispersion of emission from the flare. The thermodynamic parameters calculated from the 368 
two compositions of natural gas considered in this study are presented in Table 2. The plume 369 
exiting the stack for the fuel with less heat content (less dense fuel) is less buoyant, and hence 370 
the ground-level concentrations are higher and the distance downwind at which this higher 371 
ground-level concentration is observed, is shorter than that for the fuel with the higher heat 372 
content (dense fuel). 373 
Meteorological data for August 2015 is used to study and assess the impact of fuel 374 
composition on the dispersion pattern and ground-level concentration of pollutants from real-375 
world flares in the study area. For the less dense fuel, the 90th and 95th percentile of CO and 376 
BC ground-level concentrations are 0.11 and 0.21 µg.m-3, and 0.02 and 0.04 µg.m-3, 377 
respectively. The range of the highest ground-level concentration of CO and BC are 0.62 - 378 
0.92 and 0.13 - 0.19 µg.m-3, respectively. For the dense fuel, the 90th and 95th percentile of 379 
CO and BC ground-level concentrations are 0.05 and 0.1 µg.m-3, and 0.01 and 0.02 µg.m-3, 380 
respectively, while the range of the highest ground-level concentration of CO and BC are 381 
0.14 - 0.17 and 0.03 - 0.04 µg.m-3, respectively.  382 
Although, the range of highest ground-level concentrations of CO and BC for the two fuel 383 
compositions during periods considered in this study varies substantially, their 90th and 95th 384 
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percentiles of  CO and BC ground-level concentrations vary by a factor of about 2. A fact, 385 
once again, underpinning the importance of adequate knowledge of the composition of the 386 
gas flared in order to be able to quantify its contribution to ambient aerosol loading.  387 
The emission factor for CO used in this study, as stated in section 3.3, is dependent on the 388 
density of the fuel. Hence, the emission factor used for the less dense and denser fuel 389 
compositions is 11.02 and 17.63 g.m-3, respectively. Figure 6 and 7 shows the plots of the 390 
spatial distribution of ground-level concentration of pollutants emitted from the flare for the 391 
denser and less dense fuel compositions, respectively. From Figure 7, the ground-level 392 
concentration within the proximity of the flare is higher than that for the denser fuel 393 
composition in Figure 6.394 
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 395 
Figure 6: Dispersion pattern and mean monthly ground-level concentration of (a) CO and (b) BC for the denser fuel composition (Aug. 2015). 396 
 397 
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 399 
Figure 7: Dispersion pattern and mean monthly ground-level concentration of (a) CO and (b) BC for for the less dense fuel composition (Aug. 400 
2015). 401 
   402 
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4.5 AERMOD simulations 403 
AERMOD estimates of BC and CO dispersions in WAM (August) and non-WAM (January) 404 
months of 2015 (Figure 8) were compared with UK-ADMS projections for small-flare low-405 
density fuel source characteristics. The 90th and 95th percentile of mean monthly ground-level 406 
concentrations of BC and CO for non-WAM month are 0.06 and 0.09, and 0.18 and 0.29, 407 
respectively. For the WAM month, the values are 0.05 and 0.10; and 0.17 and 0.32, 408 
respectively. Although, the predominant ventilation corridors resulting from the AERMOD 409 
simulation is largely the same with ADMS, its concentrations are higher by a factor of 1.5 for 410 
CO and 2.5 for BC in the WAM months. The variances in estimates from the two models can 411 
be linked to differences in their formulations. In AERMOD, if the boundary layer is stable, 412 
only two limits for the horizontal dispersion are considered: the coherent plume limit 413 
generated by shifting wind and the random plume limit when the plume spread is assumed 414 
uniformly distributed throughout the area (Cimorelli et al., 2005; Perry et al., 2005; 415 
Venkatram et al., 2004).  It should also be noted that surface albedo inputs in this case were 416 
taken from literature values (Jegede et al., 1997). Nevertheless, AERMOD values were much 417 
lower compared with the non-buoyant source estimates from ADMS taking January 2015 as a 418 
typical scenario. This clearly indicates that AERMOD estimates for pollutants dispersion 419 
from the gas flares are within acceptable limits of parametric extremes of ADMS (i.e. 420 
buoyant and non-buoyant source estimates).   421 
 422 
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 423 
 424 
Figure 8: : Modelled (AERMOD) dispersion and monthly mean ground-level concentrations 425 
of  BC and CO for (a) non-WAM (Jan 2015) and (b) WAM (August 2015) using fuel with 426 
lower heat content (fuel I).  427 
 428 
5 Conclusions 429 
This work assesses the impact of fuel composition, flare size and meteorological parameter 430 
on the dispersion and ground-level concentrations of carbon monoxide and black carbon. 431 
Although the actual height and diameter of the real-world flares used in this study are not 432 
known, we have tried to use values obtained for similar flares in the literature. During the 433 
non-WAM months, emissions are dispersed both towards the communities inland and on the 434 
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coast, though with lesser concentration level compared to the WAM months. Hence, higher 435 
individual exposures are experienced during the WAM months, but greater population dose 436 
during the non-WAM months. The ground-level concentration around the inland 437 
communities is higher in the WAM months. The significant impact of prevailing meteorology 438 
on ground-level concentrations and dispersion pattern of emissions from active flares is also 439 
corroborated by simulations carried out with AERMOD.  440 
Rather than use shorter stacks to flare gas at flow stations with low volume flow flux, and 441 
hence, strongly enhancing ground-level concentration of pollutant, it is suggested that two or 442 
more of such stations be linked together to increase the volume flow flux. Increasing volume 443 
flow flux increases the buoyancy and momentum flux of the plume emanating from such 444 
stacks, and thereby, reducing ground-level concentrations. 445 
 446 
 447 
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Highlights 
• During monsoonal flow ambient ground-level concentrations are higher and inland. 
• There is higher individual exposure during the WAM (West African Monsoon) 
months. 
• There is greater population dose during the non-WAM months. 
• Flare and fuel characteristics play major roles in emissions yields from flares. 
• Both ADMS and AERMOD are adequate for simulating emissions from gas flares.  
